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HIGH POWER MICROWAVE ENERGY COUPLING TO
NITROGEN DURING BREAKDOWN

I. INTRODUCTION

Microwave breakdown studies of gaseous elements have been

carried out extensively over a wide range of pressures and for several

microwave frequencies using CW and pulsed radiation sources1. The main

emphasis on these studies was the determination of the breakdown power

threshold, and its dependence on the gas pressure and the microwave

frequency. The coupling of microwave energy into the breakdown plasma and

neutral gas has not been studied in detail. The reason for this is that

until recently no high power microwave sources have been available to per-

form such studies. Most of the early work performed on breakdown

thresholds was performed using high Q cavities to obtain the necessary

electric field to break down the gas. Once breakdown of the gas occurred,

the Q of the cavity dropped and the interaction changed. Using the NRL

high power gyrotron facility, we have been able to eliminate the need for

cavities and have performed experiments using a focused geometry2 to

examine the coupling of microwave energy to nitrogen gas during

breakdown. We have also modeled the experiments using a 1-0 computer

simulation code3. Simulations were performed in a spherical geometry

using a self-consistent, nitrogen chemistry, wave optics, microwave

breakdown simulation code, MINI.

The main emphasis of this paper is on the ionization front

created during nitrogen breakdown and its motion and plasma properties as

observed experimentally. This motion Is not a movement of the plasma but

rather a movement of where the strongest ionization of the gas is taking

place. We believe It to be due to two effects: 1) delayed Ionization and

2) reflection from the plasma itself. Since the electron density is

proportional to •tic , where Io Is the local microwave intensity,

breakdown occurs faster In those regions of high intensity. In a focused

system this results in breakdown beginning at the focus. The breakdown

Manmript submitted May 27,1982.



then moves back Into the lower intensity region as time progresses. If

nothing else is occurring, one would then observe a cone of plasma late In

time. However, the plasma is both absorptive and reflective. The

reflection results In standing wave patterns. Thus peaks X/2 apart are

seen to grow in time. The first peak Is X/4 from the plasma surface. As

the density increases in these peaks, they become reflective and

absorptive, cutting off the microwave energy to peaks behind them. Again,

the density grows as eatIo, and, therefore, those peaks nearest the

focus initially grow fastest. If only one peak were reflecting, we would

expect X/2 structure. However, all the peaks reflect and, therefore, we

expect X/4, the distance from the reflecting surface to the first electric

field maximum, to occur as well. Thus, in the experiment, we would

expect a background plasma due to delayed ionization with A/2, and A/4

structures In it due to reflection. Reflection and absorption will also

prevent microwave penetration, so we expect to see the plasma disappear

behind the front of the Ionization. This results In the appearance of

motion. This motion may then occur as X/2 or X/4 jumps, since once these

structures develop, the intensity at these points Is larger, due to

reflection, than the background intensity.

This ionization front motion strongly affects the coupling of

microwave energy to the gas. It determines where the energy will be

absorbed, since Its high density does not allow microwave penetration.

Also, since it is moving, it spreads the heating out In the gas. Motion

towards the microwave source has been observed by Salisbury and Flint4 ,

and by Beust and Ford5 . The velocities were much slower, however, V - 3 x
10& cm/s for Salisbury and Flint's work, and V - 600 cm/s for Beust and

Ford's work. Raizer6 advanced a theoretical treatment for the microwave

discharge propagation In high pressure air (lAtm) to explain Beust and
Ford's results under CW conditions. Other work by Scharfman, et a17 ,

observed that for low pressures the breakdown plasma became opaque to

microwaves, thus preventing penetration. We have observed the formation
~of the front, its motion, the prevention of microwave penetration, and

* measured the plasma density and electron temperature of the front. Good

agreement was found between the experiment and the simulation model.

*2
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I1. EXPERIMENT

A. Apparatus

The microwave energy coupling experiments were performed In dry

nitrogen using one of the NRL 35 Giz, high power gyrotrons8. This gyro-

tron is capable of 150 kW, liasec pulses at 100 pps. The Investigation,

however, was performed with a microwave power - 112 kW using S polari-

zation. The nitrogen pressure was variable. The data presented is at a

pressure of 25 Torr which corresponds to vw w 0.65, where v is the

collision frequency for electron momentum transfer and w is the natural

frequency of the microwave radiation. The microwave radiation Is

Introduced Into a test chamber using a conical horn with a focusing

dielectric lens In front, see Figure 1. The lens has a focal length of

11.2 cm and a diameter of 7.62 cm. The focal spot Is elliptical and has

an approximate gausslan distribution In Intensity with half widths of 1.5

cm and 1.1 cm. The 3dB focal spot area is approximately 1.7 cm2 . For 112

kW this implies 33 kW/cm2 average power Inside the 3dB spot. Breakdown,

without a reflecting surface, was observed to cease at p = 75 Tarr for P =

112 kW. Theoretically, we calculate an average power of 27 kW/cm2 is

required for breakdown at 75 Torr In nitrogen. This Is In reasonable

agreement with an estimated intensity of 33 kW/cm2 . We have, however,

Ignored the gaussian spread and assumed an even distribution.

The breakdown experiments were performed with and without a

metal surface at the focal point. The planar metal surface could be

oriented perpendicular, 90, or with an angle of 450 to the incident

radiation. The metal surface serves to set up a standing wave pattern In

front of the surface resulting In 4 Io at the peaks, where lo Is the

intensity of the Incident radiation. Also, a thin dielectric could be

placed off the metallic surface. This was used In determining the cause

of the plasma motion observed and will be discussed later.

3
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Fig. 1 - Schematic of nitrogen breakdown experiment.
Shown as an insert is the 3dB focal spot.
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Observation of the plasma was done using a TRW framing/streaking

camera. A 20 ns exposure time was used in the framing mode and a 2 us ex-

posure time in the streaking mode. Due to the amount of light present,

multiple exposures were required in order to obtain easily visible photo-

graphs. However, some single shot experiments were performed and showed

that the results were reproducible shot-to-shot. The electron temperature

and density were measured by using a nitrogen-helium gas mixture. In a

pure nitrogen mixture, only second positive nitrogen bands were

observable. By introducing helium, the 5876A line could be used with the

nitrogen 3371A band to make the required density and temperature

measurements. An Oriel model 7240 monochrometer, f/3.7, with a 1OA

bandwidth was used. The monochromator output was measured using a 1P28

photomultiplier with a base modified for nanosecond response time.

Absolute intensity calibrations were performed using a calibrated

deuterium arc lamp source9 for 3371A and a calibrated strip tungsten lamp

source I0 for 5876A.

Our experiments were performed at 25 Torr where we had approxi-

mately nine times the intensity required to break down the nitrogen at the

focal spot. With the presence of a metal surface, a factor of four re-

duction in the power required for breakdown occurs due to the standing

wave pattern which is set up. Due to the focused nature of the experi-

ment, the standing wave pattern's intensity drops as the distance from the

surface is increased. For the 45° target, in fact, there is only a small

region of standing waves perpendicular to the surface. It is only for the

90o surface, or the case of a reflective plasma perpendicular to the

microwave beam, that a standing wave pattern back the length of the beam

line exists. A delayed breakdown from the surface back towards the lens

is then expected, since the growth of the plasma is proportional to
tIe 0. We believe that fluctuations in the reflective plasma surface

and UV ionization (if any) will cause a smearing out of the standing wave

, pattern.

5
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a. Discussion of the Experimental Results

1. Time Resolved Photographs of Breakdown

The observed breakdown patterns for the three cases are shown in

Figures 2 through 4. In Figure 2, the breakdown without a surface Is

shown. A conical plasma Is formed with its tail nearest the focal point

and head towards the lens. This Indicates that a large fraction of the

microwave energy is concentrated on axis. For a diffraction limited spot

size we calculate the depth of field (where I = Io/e) for our case to be

3.5 cm which Is approximately the length of the tail in the early break-

down region observed In Figure 2. The total length of the breakdown

region is 5 cm. We calculate a length of 3.7 cm based on incident in-

tensity decreasing to the nitrogen breakdown threshold as we move away

from focus. This suggests reflection off the plasma must be occurring.

We calculate that - 19% reflection would be required; the simulation

suggests R < 28%. The breakdown begins at the focal spotp but since the

microwave power Is above the breakdown threshold, a secondary breakdown

region ahead of the focus forms In a time - 2.4 x 10"7s after the Initial

breakdown. As the electron density In this secondary breakdown region

Increases to Nc = (w2 + v
2 )me/(re2 ), the tail (focus) region

disappears due to the microwaves being absorbed and reflected by the

plasma at the head. Once the microwave energy is stopped from reaching

the plasma In the tall, the plasma temperature there drops rapidly (T - 10

ns), and the emitted light ceases. The plasma itself also begins to

decay, but on a longer time scale. Late In time we see that a single

absorbing layer about one wavelength thick Is formed.

6
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Fig. 2 - Framing photographs of breakdown at 25 Torr N2 for no surface present,
!0 = 112 kW or 33 kW/cm 2 at focus. The microwaves are incident from the left.
Frames are 100 ns apart and have a 20 ns exposure time. Time shown on right refers to
the delay after the first observable breakdown and not the microwave pulse.
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Figure 3a shows the framinq camera data for the perpendicular

surface experiment and Figure 3b shows a streak photograph for the same

case. We expect a standing wave to be set up off the surface with the

first maximum A/4 from the surface and with the rest of the maxima spaced

X/2 apart. This can be seen in Figure 3a. Also observed is a "blooming"

of the visible plasma near the target. We believe this is an effect due

to the focusing. The microwave beam becomes more intense near focus.

Therefore, the diameter of the beam capable of breaking down the plasma

increases. Similar to the no target case, an absorbing front travels away

from the target towards the microwave source. From the displacement in

the streak photoqraph, we calculate that the plasma moves away from the

surface with a velocity t 4.6 x 106 cm/s. It continues to move back along

the microwave beam until the beam energy decreases sufficiently (due to

defocusing) that the beating with any reflected microwaves Is below the

breakdown threshold. This "stagnation point" Is also observed for the 45°

surface. Similar behavior is also observed in the computer simulation.

The 45° data is shown in Figure 4. It Is similar to the 900

data except fringes occur X/( cos 8) apart, e = 45°, with the first

fringe at X/(4 cos 6) from the surface. Again, an absorbing front moving

along the beam axis is observed. This occurs as a result of energy re-

flected by the plasma along the beam. Since we are far above threshold,

we believe a planar plasma, perpendicular to the beam, grows near the tar-

get and is initiated by the plasma growth at the standing wave maxima.

Its density grows (Ne--4 Nc ) and it becomes reflective, setting up

standing waves. Plasma density builds at these maxima cutting off

microwave penetration, and the process repeats. Visually, this appears as

plasma motion. We would expect the motion to jump in either X/2 or X/4

steps. Some of the 45° data shows X/2 bars behind the main moving
plasma. In general, however, this is not observed. The X/Z spacing is at

about the limit of resolution. Further, we believe that fluctuations in

the reflective plasma surface cause a smearing out of the standing wave

pattern and results in the more solid like appearance we observe for the

moving plasma.

8
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Fig. 3a - Framing photographs at 25 Torr N2 for 90 metal surface present at focus,

10 - 112 kW. Times shown on right refer to the delay after first observable breakdown.
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Fig. 4 - Framing photographs at 25 Tor N2 for 450 metal surface, 1o - 112 kW.

Times shown on right refer to the delay after the first observable breakdown.
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One other possible explanation for the front motion is that UV

emission causes ionization to occur in front of the plasma. This new

plasma absorbs microwaves, heats up, and then the process repeats. This

would result in a uniform smear with no A12 structure. Our data is some-

what suggestive of this. To check this idea we placed a thin dielectric a

few wavelengths off the metallic surface to stop v penetration but allow

microwave transmission. If UV ionization was the method of propagation,
we expected the plasma to stop moving when It hit the dielectric. The

plasma moved through the dielectric barrier. We, therefore, believe the

motion to be due to reflection from the plasma itself resulting in ionl-

zation fronts. However, ionization due to LV may be responsible for some

of the smearing of the X/2 and X/4 structure. The UV Ionization mean free

path Is - 0.05 cm C (12 for our conditions.

For the 45" target case the breakdown was examined as the power

was decreased. As the power was decreased, the ionization front was ob-

served to stagnate closer and closer to the target, as expected. When the

Incoming power was 20 kW, w 5.9 kW/cm2 , we observed only two fringes and

no apparent ionization front. At 30 kW the front reappeared. Incident

radiation on a metal surface for breakdown to occur at 25 Torr Is - 0.75

kW/cm 2 . However, we are only twice the free nitrogen breakdown threshold

of 3 kW/cM2 , and this will be the dominant threshold for ionization front

travel due to delayed ionization.

2. Spectroscopic Measurement of Density and Temperature

In order to measure the temperature and density of the
electrons, the absolute intensity of the nitrogen second positive band,

3371A, was compared to the absolute Intensity of the neutral helium line

at 5876A. A mixture of the helium and nitrogen was used to perform this

experiment. The 3371A band corresponds to the (0,0) transition in the

second posttive band system of N2 . We obtained the electron temperature

from the ratio of the two linesi1 and the electron density from the

absolute intensity measurement and the deduced electron temperature.

12



For an optically thin line and assuming a steady state coronal

model, the band Intensity at 3371A can be expressed as:

N N2 Xoc o'o E0,0 L (1)
=t AO  + q N2

where N2 is the density of the nitrogen molecules in the ground state,

Xoc is the emission excitation rate coefficient, Ao o Is the

transition rate for the band at 3371A and Ao is the total transition

rate for the excited state, Eo, o is the photon energy, L is the length

of the emitting plasma, and q Is the quenching rate coefficient of the

excited state by the neutral species. A similar equation can be written

for the Intensity of the helium line. The excitation rate coefficients

for 3371A and 5876A were obtained using the measured cross sections
1 2 13

averaged over a Maxwellian electron velocity distribution. The transition

rates for 3371A and for 5876A are from Refs. (14) and (15) respectively.

The quenching rate coefficient16 for 3371A by N2 is 1.15 x 10
"1 1 cm3/sec.

The measured absolute intensities of 3371A and 5876A in a mix-

ture of 15 Torr N2 and 19 Torr He were 28.36 W/cm sr and 5.6 x 10
-2

W/cm2sr. Using the above analysis, we obtain Te = 3.8 eV and Ne = 4.4

x 1012 cm"3 for the average density over a 2 cm chord. If quenching of

the helium line by nitrogen is included the electron temperature changes

slightly, Te a 4.1 eV, with a corresponding slight decrease in the

calculated electron density. This electron density is in reasonable

agreement with Langmuir probe data, Ne - 2 x 1013 Cm" 3 and simulation

predictions, Ne = 3.6 x 1013 cM
-3 since these last two are peak local

densities. It is reasonable to expect that the peak density is at least

four times larger then the average density since the density is

proportional to eIot and the microwave intensity is gaussian

across the chord. (The two centimeter cord Is slightly larger then the

FWHM of the Intensity gaussian.) A comparison of the absolute Intensity

of the 3371A nitrogen band for pure N2 as observed experimentally (Iexp =

1.12 x 1020 eV/(cm2 -s-sr)) agreed reasonably well with the simulation

predictions for similar conditions (Isim = 3.6 x 1020 eV/(s-cM2-sr)).

As expected, the simulation also predicted a lower electron temperature,

TeU 3.25 eV, for the pure N2 case.

r1



III. COMPUTER SIMULATION

The breakdown experiments were modeled neglecting hydrodynamic

motion and solving the electric field In spherical geometry1 7. Nitrogen

breakdown experiments with no surface, Figure 2, show the microwaves

penetrating approximately six wavelengths Into the tenuous plasma early in

time. The experimental light emission shows the electric field is

essentially close to planar for regions near the focal point. However,

for distances greater than 4 cm from the focal point, the electric field

shows an abrupt transition to a spherical (converging) geometry. The

ratio of the Inner-and outer radius In a spherical system defines an

- aspect ratio. The converging geometry of the experiment defines an aspect

ratio of 3.2 In the converging region and 1.9 in the diffraction limited

focal region (approximately planar). We modeled this using an aspect

ratio of 2.5 In the simulation. (The simulation has shown that for larger

aspect ratios the behavior is similar, but the front does not travel as

far.) The simulation used a 0.Sus pulse length, Tp, at an angular

frequency, w, of 2.2 x 1011 sec " 1 and an average power of 31.25 kW/cm2 at

the focal point. The region modeled was three wave lengths long (2.57

cm), had no reflecting surface, and a nitrogen pressure of 25 Torr. This

simulation showed ionization front motion similar to that seen

experimentally in Figure 2. This is shown In Figure 5 as a time history

of the plasma density profile. The electric field drops rapidly beyond

the peak electron density Nemax 3 3.6 x 1013 cm"3 and penetrates about

one and a half wavelengths into the overdense plasma (Figure 6a). The

peak electron and gas temperatures are Te 3 3.5 eV (Figure 6b) and Tg

< 0.027 eV, respectively. Breakdown simulations with hydrodynamic effects

show similar features.

14
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Fig. 5 - Time history of the ionization front in a spherical system. The micro-
waves are incident from the left with an intensity of 5 kW/cm2 . The focused average
power is 31.25 kW/cm 2 at the right hand boundary. An aspect ratio of 2.5 was used to
model the experiment and N. is the collisionless critical density.
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Fig. 6 - (a) Time average intensity for parameters of Fig. 5. Units are in a - (VoW/Vo)2

such that a - I corresponds to I - 9.4 kW/cm2 . (b) Electon temperature for param-
eters of Fig. 5 where T*o = 0.25 eV.
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This same simulation was repeated with a reflecting surface at

the focal point. Figure 7 shows the simulation results for the electron

density. Close to the reflecting surface, the radiation Is essentially

planar and exhibits the characteristic standing wave pattern. Electron

density "pancakes" form at the Interference maximum of the electric

field. However, at high power the electron density of the pancakes rises

to Ne > Nc at which time the radiation is partially reflected from the

density pancakes. This shifts the breakdown patterns in increments of a

quarter-wavelength. The quarter-wavelength fine structure of Figure 8

cannot be resolved experimentally. Similar to the free-nitrogen

breakdown, approximately 79% of the incident microwave energy is

absorbed. Early in time, the reflecting surface acts to enhance the

field. However, once the density rises to absorb the radiation, the field

reflects from the density pancakes. Though the reflection was small (R <

28%), the effects of the reflection can also be seen for the no surface

simulation In the quarter-wavelength fine structure of Figure 5.

The Ionization front Is observed to stagnate at about the same

position in the experiment with and without a surface. This would only be

true If the target is essentially decoupled from the microwave radiation

and the absorption efficiencies are approximately equal. The simulations

show this to be true with absorption efficiencies of 79% and 72% for

breakdown with and without a surface. The simulations predict a front

motion of V- 5 x 106 cm/s early in the pulse and slowing to 2 x 106 C/s

when the simulation ends in 0.SUs. This gradual stowing of the ionization

front is consistent with what is seen expertment~lly In Figure 3b.

17
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IV. CONCLUSION

In conclusion, we have observed that for I > IB , ionization

fronts form and move towards the source at a velocity 4 4.6 x 106 Cm/s.

These ionization fronts result from both delayed Ionization and reflection

of microwave energy from the front. The front density can become quite

large and is seen to cut-off microwave penetration in about one wavelength

In late time. The average chord plasma density was spectroscopically

measured to be Ne = 4.4 x 1012 cm
-3 and the electron temperature to be

Te = 3.8 eV for a nitrogen-helium mixture. Langmuir probe measurements

of the density gave reasonable agreement with peak densities for pure

nitrogen of Ne - 2 x 1013 cm-3 , The cut-off of microwave penetration

observed photographically suggests an electron density Ne = Nc = 2.2 x
1013 cm"3 . We expect the electron temperature In the gas mixture to be

higher since N2 vibrational and low lying electronic states act to

decrease Te and monoatomic He has no such states. Reasonable

agreement was seen with the simulation for the velocity of the ionization

front, Ne, Te, and 13371. The simulation predicts small reflection, R

< 28%, and low gas temperature, Tg 0.027 eV.
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